is that the condensations in Motte et al. (1998) are split into multiple sources. For example, Oph-B1 was identified as a dense condensation with four starless clumps (B1-MMS1, B1-MMS2, B1-MSS3, and B1-MMS4) in Motte et al.
ABSTRACT
We present 2.5-square-degree C 2 H N=1-0 and N 2 H + J=1-0 maps of the ρ Ophiuchi molecular cloud complex. These are the first large-scale maps of the ρ Ophiuchi molecular cloud complex with these two tracers. in L1688 where only C 2 H emission was detected, the gas should be chemically younger.
INTRODUCTION
With a distance of 120.0 +4.5 −4.2 pc (Loinard et al. 2008) , the ρ Ophiuchi molecular cloud complex (hereafter ρ-Oph MCC), also called the Ophiuchus Molecular Cloud (e.g., Pattle et al. 2015) , is one of the most active star-forming regions within several hundred parsecs of the sun (Lada & Lada 2003) . At such a close distance, the 60 ′′ beam size (at ∼100
GHz) of a ten-meter class millimeter radio telescope corresponds to 0.035 pc. The ρ-Oph MCC consists of Lynds 1688 (hereafter L1688), L1689, and a number of filamentary clouds (L1709, L1740, L1744, L1755, and L1765). These filamentary clouds extending from L1688, are known as the streamers or the cobwebs of the ρ-Oph MCC (Nutter et al. 2006) . L1688
is an intermediate mass star-forming region, filling the gap between low-mass star-forming regions, such as Taurus, and more massive star-forming regions, exemplified by the Orion molecular cloud (Padgett et al. 2008) . Motte et al. (1998) identified 13 dense condensations in L1688 from their 1.3 mm dust continuum map with an effective beam resolution of 13
′′
(FWHM and all instances hereafter). Johnstone et al. (2004) identified two more objects outside the boundary of previous maps in one 850 µm map with a 40 mJy beam −1 sensitivity and a 14 ′′ beam size. Stanke et al. (2006) presented a 1.2 mm dust continuum L1688 map with a ∼24 ′′ resolution and a noise level of the order of 10 mJy beam −1 . They cleaned their map down to the noise level by using wavelet analysis and identified 143 sources. A possible explanation as to why the number of sources Stanke et al. (2006) identified are much larger than those identified by Motte et al. (1998) is that the condensations in Motte et al. (1998) are split into multiple sources. For example, Oph-B1 was identified as a dense condensation with four starless clumps (B1-MMS1, B1-MMS2, B1-MSS3, and B1-MMS4) in Motte et al. (1998) while at least six sources (MMS20, MMS23, MMS27, MMS28, MMS66, MMS86, and maybe MMS49) were identified by Stanke et al. (2006) . Other 1.2 mm dust sources in Stanke et al. (2006) are isolated sources or faint and extended dust emission regions.
L1689 is to the east of L1688, associated with less star formation (Loren et al. 1990 ). To further examine the similarities and differences between L1688 and L1689, we explore here the utilities of C 2 H and N 2 H + as tracers.
C 2 H is a tracer of relatively high density gas with a critical density of 1 − 4 × 10 5 cm −3 (see Appendix A for details). It can also be used as an efficient tracer of extended gas due to its lower effective excitation density (cf. Shirley 2015) . The abundances of C 2 H decrease from diffuse gas to dense gas making it a potential probe of chemical evolution. In diffuse gas, CO is dissociated by UV photons, releasing carbon for C 2 H formation and thus sustaining a higher C 2 H abundance . In dense gas, without CO dissociation, the C 2 H abundance decreases. In contrast, N 2 H + is a well-known dense gas tracer with a critical density of 0.5 − 1.5 × 10 6 cm −3 (Appendix A).
In this paper, we present the first large-scale (2.5 square degree) C 2 H N=1-0 and N 2 H + J=1-0 maps, which cover most high extinction regions with A V > 10 m in L1688 and L1689, including clumps in earlier studies (e.g., Di , André et al. 2007 ).
In Section 2, we present the C 2 H and N 2 H + observations, data reduction, and the Infrared Astronomy Satellite (IRAS) dust temperature map. At Delingha, the ρ-Oph MCC stays above 20
• elevation with a maximum of 28
• for approximately 5 hours per day. To obtain low system temperatures, we only took data for 2 hours around maximum source elevation.
The 3×3 Superconductor-Insulator-Superconductor (SIS) receiver array of the Delingha telescope (Shan et al. 2012; Zuo et al. 2011) MHz mode provides enough velocity resolution for C 2 H hyperfine structure fitting. For spectra with weak emission, however, we performed hyperfine fitting and found that the results were affected by the smoothing. In the following, we only applied the resulting opacity correction to N 2 H + spectra with an integrated intensity of 3 K km s −1 or higher and to C 2 H spectra above 2 K km s −1 . Low opacities were assumed for spectra with weak emission. 
, the baselines of these spectra were too complex for polynomial fitting. Hence, spectra near map edges were rejected.
The integrated intensity maps of C 2 H and N 2 H + are shown in Figure 1 . For C 2 H, to present a uniform integrated intensity map, we selected two strongest hyperfine components that were widely detected. The selected velocity ranges for these two components in spectra were [-39.1, -35 
IRAS Temperature Map from COMPLETE
We downloaded the IRAS dust temperature map of the ρ-Oph MCC from the COMPLETE project webpage 8 . The IRAS dust temperature map was derived from infrared images in the latest release of IRAS data set (IRIS 9 ). The description of the method used to derive the IRAS dust temperature can be found in Schnee et al. (2005) . The IRAS dust temperature map of the whole ρ-Oph MCC region was published by Ridge et al. (2006) .
The sky coverage and pixel size of the IRAS dust temperature map differ from those of our C 2 H and N 2 H + spectral data cubes. An IDL code, hastrom in the NASA IDL hyperfine components in the main group. ′′ , J2000). In L1688, red, yellow, and light blue letters A through M stand for sources Oph-A through M and orange numbers 1 through 4 stand for sources L1688-C 2 H-1 through 4. In L1689, three red labels from north to south stand for L1689NW, L1689W and L1689S. In Section 3.1, the four N 2 H + clumps with light blue crosses and Astronomy User's Library 10 , was used to crop and resample the temperature maps so that the sky coverage and pixel size of the processed map match those of our C 2 H and N 2 H + integrated intensity maps. The IRAS dust temperatures were used as proxies of the excitation temperatures.
3. RESULTS After being smoothed by a 5×5 pixel box, the integrated intensity here becomes lower than 0.8 K km s −1 and thus no contours are seen there in Figure 1 . Oph-M, each of which has 0.9 K km s −1 peak N 2 H + integrated intensity (2.3 σ). Oph-K was previously detected via 1.2 mm dust continuum and two cores were identified as MMS-102
Integrated Intensity Maps of C
and MMS-119 by Stanke et al. (2006) . Without previously known dust peaks, Oph-M is identified for the first time in this data set.
We also identified a C 2 H molecular ring, Oph-RingSW, in the relatively diffuse region southwest of L1688. Some parts of this ring can also be found in the COMPLETE 12 CO map of L1688. The origin of this ring is unknown.
In Section 5.2, we select the C 2 H and N 2 H + spectra at various peaks, perform the hyperfine fittings, compare the centroid velocities, line widths, and check if the N 2 H + emission peak and the dust emission peak of the clumps Oph-A through F and H are located within one beam (60 ′′ ).
Column Densities and C
Some positions in L1688 and L1689 have weak C 2 H or N 2 H + emission. The integrated intensities at these positions are significant, but the spectra themselves are too weak for hyperfine fitting, e.g., the C 2 H spectrum in L1689NW (see Table 3 ). We assumed optically thin emission and followed the recipe below (see e.g. Li 2002) The column density of an upper level population of an optically thin transition is
where, T s dυ is the integrated intensity consisting of all six hyperfine components of the C 2 H spectra or all seven hyperfine components of the N 2 H + spectra. In addition, k is the Boltzmann constant, h is the Planck constant, ν is the frequency, and c is the speed of light. The total column density is
where F u , F τ , and F b are the level correction factor, the opacity correction factor, and the correction factor for the background, respectively. In this calculation, we only calculated the C 2 H column densities at positions with a C 2 H integrated intensity of 1.5 K km s −1 or higher. The threshold for N 2 H + column density calculation was 2 K km s −1 . The details can be found in Appendix B.
We applied the opacity correction to N 2 H + spectra with integrated intensities over [-8, 15 ] km s −1 greater than 3.0 K km s −1 and optical depths between 0.5 and 5.0. If the fitted optical depth was below 0.5 or above 5.0, however, noise may have made the result unreliable by skewing the peak temperature ratios between hyperfine components, depending on the signal-to-noise ratios of the components. Ignoring an optical depth of 0.5 will lead to an underestimation of by 27%. A similar opacity correction was also done for C 2 H spectra but for the spectra with integrated intensity greater than 1.0 K km s −1 . Figure 3 shows the distribution of the measured abundance ratio in L1688 and L1689, which varies between 5 and 110. The differences in the distribution of the abundance ratio will be mentioned in Section 5. 
CHEMICAL MODEL
To interpret our data, we modeled [C 2 H]/[N 2 H + ] evolution with both the pure gas and gas-grain chemical networks.
The simulation was performed using Nautilus, a gas-grain chemical code (Hersant et al. 2009 ), along with the gas-grain chemical reaction network from Hincelin et al.
(2011) and Hincelin et al. (2013) . An electronic version of the network is available in the KInetic Database for Astrochemistry (KIDA) database 11 (Wakelam et al. 2012) . Low metal abundances, as in Semenov et al. (2010) , had been assumed for the initial gas phase abundances. Initially, all species were in the gas phase. The cosmic-ray ionization rate was set to 1.3 × 10 −17 s −1 . The size of dust grains was assumed to be the same, with a radius of 0.1 µm. Both pure gas phase and gas-grain network simulation were carried out for comparative studies. Four different temperatures (10, 20, 30, and 40 K) and four different densities (5×10 3 cm −3 , 2×10 4 cm −3 , 1×10 5 cm −3 , and 1×10 6 cm −3 ) were applied in our simulations.
Our simulations are purely chemistry models without dynamic evolution. This is sufficient for examining the cloud chemistry as long as the time scale for density variation is much longer than the chemical relaxation time, which is a reasonable assumption for the densities concerned here.
We compared the pure gas model and the gas-grain model. Figure 4 shows the C 2 H abundance, N 2 H + abundance, and
as functions of time in a pure gas phase model and a gas-grain model with n H = 1.0×10 5 cm −3 and n H = 2.0×10 4 cm −3 , respectively.
The temperature in both models is fixed at 10 K. The most pronounced difference between these two models shows up in the abundance of C 2 H. It remains constant or rises slightly in gas-grain models, while, in pure gas models, it plummets after approximately 10 5 -10 6 years. The major destruction route of C 2 H is reaction with O to form CO, while its major production route is the dissociative recombination of C 2 H + 2 and C 2 H + 3 . Since only neutral species are allowed to accrete on grain surfaces in our gas-grain reaction network simulation, the abundances of C 2 H + 2 and C 2 H + 3 in the gas-grain model are not all that different from those in the pure gas model. O can be frozen on grain surfaces as H 2 O and be largely depleted from the gas phase in later stages of the gas-grain model. C 2 H experiences a lower destruction rate in gas-grain networks. Thus, the C 2 H abundance in late stages is sensitive to the existence of dust mainly due to depletion of O onto grain surfaces. For N 2 H + , its major production route is the reaction
while its major destruction route is reaction with CO (e.g., Turner 1995 , Vasyunina et al. 2012 ). The depletion temperatures of both N 2 and CO are similar and lower than 20 K. Such temperatures result in that the trend of the change of N 2 H + abundance is little affected by adding the dust into the model. So, the N 2 H + abundance keeps rising in both the pure gas and gas-grain models, until t∼10 6 years. After t∼10 6 years, the decreasing of N 2 H + abundance is the results of the evolution of CO, N 2 , and H time for different temperatures and densities in the gas-grain model. Here, we find that the C 2 H abundance depends strongly on temperature and density. These dependencies can be explained from the formation and destruction routes of C 2 H. The abundance of C + plays a crucial role in the production of C 2 H. Protonated methane is produced by radiative association of C + with H 2 and hydration addition reactions. All carbon atoms are in the form of C + in the beginning of the model and are gradually converted to species such as CO or protonated methane. Thus, the abundance of C 2 H increases in the beginning when abundances of methane or species such as CO and OH also increase. Atomic O accretes on grain surfaces and reacts with other species, and thus is depleted from the gas phase. At 10 K, when most gas phase O atoms are depleted after approximately 2×10 6 years, C 2 H can be hardly destroyed and the abundance of C 2 H increases again. Indeed, our simulation results bear out this trend. O starts to desorb from grain surfaces at around 15 K. As temperature increases, it becomes increasingly difficult to freeze atomic O on grain surfaces. Hence, C 2 H abundance decreases with increasing temperature at late stages. Density also affects C 2 H abundance. The dependence of C 2 H abundance on density is due to both O and C + are depleting more quickly from the gas phase when density increases. values. In the first and second panels from the left of Figure 8, volume densities are also shown in the top panel of Figure 9 with two vertical dotted lines. respectively. In this Figure, the modeled data we use are as same as these in Figure 7 . To show the observed data points clearly, we use the different scales on both axes. In the integrated intensity map (see Figure 1) , the C 2 H emission is more extended in the relatively low density regions (e.g., the C 2 H ring) in L1688 than in L1689. The emission distribution difference can be explained by L1688 having chemically younger gas 
Centroid Velocities and Line-widths Comparison between C 2 H and N 2 H +
We selected 14 positions of C 2 H or N 2 H + intensity peaks in our maps and analysed their spectra. Figure 10 shows spectra from these positions. The locations of these positions are represented by crosses and X letters in Figure 1 . The coordinates, RMS values, centroid velocities with errors, and line widths with errors of these spectra are listed in Table 4 . We ignored Oph-E, because it is only 5 ′ south of Oph-C and connected in N 2 H + emission. The eight N 2 H + peaks in clumps of L1688 (Oph-A through F and H) are all co-located with dust continuum sources (e.g., dust clumps in Motte et al. 1998 ), i.e., within 42 ′′ or less.
L1688-C 2 H-1, L1688-C 2 H-2, L1688-C 2 H-3, and L1688-C 2 H-4 are located in the molecular ring Oph-RingSW. Their line widths are larger than those at other C 2 H peak positions in L1688 or L1689. The centroid velocities of L1688-C 2 H-3 and L1688-C 2 H-4 are smaller than those of any other C 2 H spectra at the selected positions. In these four positions, no N 2 H + emission is detected. With small centroid velocities and large line widths, the C 2 H spectra at these four positions indicate that the molecular ring is not a part of the denser regions of L1688. In L1689NW, the C 2 H line is detectable but weak.
For the other nine selected sources with both C 2 H and N 2 H + spectra, the centroid velocity differences between C 2 H and N 2 H + spectra are smaller than 0.19 km s −1 , while the velocity resolutions of C 2 H and N 2 H + spectra are 0.21 km s −1 and 0.20 km s −1 , respectively. In these nine positions, differences in line widths between C 2 H and N 2 H + spectra are smaller than 0.27 km s −1 , except for these of Oph-A (0.32 km s −1 ) and L1689S (0.58 km s −1 ).
Such similar centroid velocities and line widths indicate that C 2 H N=1-0 and N 2 H + J=1-0 trace similar gas in our observation region. Although the differences in both the centroid velocities and the line widths are similar to the channel width, from the fitting errors, the line widths of C 2 H are significantly larger than those of N 2 H + in almost all cases, except in the positions of Oph-B2 and Oph-H. This behaviour confirms our understanding that C 2 H traces more extended and relatively more diffuse gas than N 2 H + despite their transitions having similar critical densities.
CONCLUSIONS
We have mapped 2.5 square degrees of the ρ Ophiuchi Molecular Cloud Complex in the emission of the C 2 H N=1-0 and N 2 H + J=1-0 transitions. The observations are the first Motte et al. (1998) .
b 850 µm dust continuum sources in Nutter et al. (2006) .
c 850 µm dust continuum sources in Johnstone et al. (2004) . * The numbers in this column are the angular distances between the positions of the dust sources and the peaks of the N 2 H + emission in the integrated intensity map.
# The Gildas/CLASS reports that it is an optimistic fitting. 2) The observed C 2 H to N 2 H + ratio, 3) We modeled C 2 H and N 2 H + abundances with 1-D chemical models. The main difference between pure gas and gas-grain models is the dramatic drop in C 2 H abundance in later stages of pure gas models due to destruction by reactions with CO, which will be depleted with the presence of dust.
4) The diverging trends of abundances of C 2 H and N 2 H + in our gas-grain models make Juan Li for helping us with the C 2 H hyperfine fittings.
A. The Critical Density Estimation Details
The critical density n cr is the density of molecular hydrogen at which the collisional de−excitation rate of the target molecules by hydrogen equals to the spontaneous de-excitation rate of the target molecule, i.e.,
We define σ as the collisional cross section, v as the velocity of hydrogen molecules relative to target molecules, and A as the Einstein A coefficient (see next subsection). In addition, the relative velocity of hydrogen molecules can be estimated as
Values of the collisional cross section, can be found in BASECOL 12 (Dubernet et al. 2013) , which is part of the ′′ Virtual Atomic and Molecular Data Center ′′ (VAMDC). The spectroscopic data of BASECOL comes from CDMS 13 (the Cologne Database for Molecular Spectroscopy, Müller et al. 2005; Müller et al. 2001) , and JPL databases 14 (Pickett et al. 1998) . The original data of the C 2 H and N 2 H + collisional cross sections are from Spielfiedel et al. (2012) and Daniel et al. (2005) , respectively. Table 5 and Table 6 show the calculation results of critical densities n cr for C 2 H N=1-0 and N 2 H + J=1-0 hyperfine lines, respectively. The critical density of N 2 H + J=1-0 can also be found in the literature, for example, 1.5 × 10 5 cm −3 (Tanaka et al. 2013 
B. The Column Density Calculation Details
A simple solution to the radiative transfer equation is
where the source temperature T A , the excitation temperature T x and the background temperature T bg are all modified Planck functions.
The relation between the optical depth τ ν at the frequency ν and the molecular column density in the upper level, N u , is
Here, A ul is the spontaneous radiative decay coefficient, c is the speed of light, h and k are the Planck and Boltzmann constants, respectively. Combining Equation (B1) and Equation (B2), the N 0 u , which is the column density for the molecule in the upper level, can be calculated in the Rayleigh-Jeans approximation and optically thin limits as
The total column density can be obtained after some correction (Li 2002 ; Qian et al. 
2012)
where F u , F τ , and F b are the level correction factor, correction factor for opacity, and the correction for the background. F u can be written as
where Z is the partition function. The correction factor F RJ is corrects for the difference between the Planck's Law and the Rayleigh-Jeans limit. This difference is caused by the Taylor series expansion of e hc λkTx in the low column density and low temperature assumptions.
The correction factor F RJ is .
The opacity correction and background radiation correction are analysed. The correction factor accounting for opacity is (Li 2002 )
and the correction factor for background radiation is (Li 2002 )
e hν/kTx −1 e hν/kT bg −1
For an optically thin spectrum, the F τ =1. For the correction for spectra with optical depth between 0.5 and 5, we use
Combining Equations (B3), (B6), (B7) (or B9), and (B8), the corrected column density of the molecule in upper level, N u , is 
In our C 2 H and N 2 H + column density calculation, we assume that the C 2 H and N 2 H + spectra are all optically thin, the gas is in LTE, and T bg = 2.73 K. Temperatures from the IRAS temperature map in COMPLETE are used as T x , which is the excitation temperature.
T A dυ is the integrated intensity. Table 7 shows the parameters in Equation B10 . The A ul for C 2 H comes from Tucker et al. (1974) and the A ul for N 2 H + comes from Turner (1974) . B e values come from JPL Molecular Spectroscopy (Pickett et al. 1998 ).
The total column density N tot can be calculated by 
Here, as an approximation, we use
where the errors will be less than 1%.
These equations are for N 2 H + . Though the transition of C 2 H is N=1-0, where N is the total angular momentum exclusive of spin, the same calculation is also suitable for C 2 H.
One similar calculation was presented in Tucker et al. (1974) for the first detection of C 2 H in a number of Galactic sources. t oph,x,y = t x,y,z + (t x,y,z+1 -t x,y,z ) × K 1 , 
where K 2 is K 2 = ( T oph -T x,y,z )/( T x,y,z+1 -T x,y,z ) .
Here, t oph is the determined chemical age under the given volume density, T x,y,z and T x,y,z+1
are two temperatures which are closest to T oph and T x,y,z < T oph , T x,y,z+1 > T oph ,
t oph,x,y and t oph,x,y+1 are two chemical ages which come from Equation C1 under one same volume density and temperatures of T x,y,z and T x,y,z+1 , respectively.
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